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1. Introduction I Background 
1.1 Reason for the research 
Duplex stainless steels (DSS) are a select set of steels designed to possess a 
microstructure consisting of approximately 50% austenite and 50% ferrite. Such a structure 
makes these materials extremely attractive by providing an excellent combination of high 
hardness, toughness, and corrosion resistance. Duplex steels are available in cast or wrought 
forms, providing high versatility. While large quantities of duplex alloys are in use, a limited 
amount ofresearch has been done on the transformation diagrams of these alloys, particularly 
for the cast duplex steels. Foundries have observed that the published time-temperature-
transformation (TTT) diagrams for comparable wrought duplex stainless steels do not 
correspond to the transformation of the castable duplex stainless steels. Upon an extensive 
literature search it was found that most of the transformation diagrams that do exist for DSS 
are for wrought alloys. Very little research has been done on the transformation diagrams of 
castable grades of DSS, which vary from the wrought alloys in composition and properties. 
The following work was conducted to develop the time-temperature-transformation 
diagram for CD3MN duplex stainless steel and to compare the diagram to published 
comparable TTT diagrams for wrought alloys. Included in this paper is a comprehensive 
metallurgical evaluation of the phases found in the microstructure and an explanation of the 
phase development through the heat treatments. 
1.2 General History of Duplex Stainless Steels 
Stainless steel by definition is steel that contains at least twelve- percent chromium by 
weight. This is the minimum amount of chromium that is needed to create a chromium oxide 
on the surface, which makes the steel resistant to corrosion. A duplex stainless steel (DSS) 
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alloy is one that has two phases present in the microstructure. Any combination of two 
phases can be present, but the most common alloys of duplex stainless steels contain a 
combination of austenite and ferrite in the microstructure. 
Americans, Bain and Griffiths observed the existence of steel that contained austenite (y) 
and ferrite (a) in 1927 when studying the Fe-Cr-Ni alloy system1• The first commercial 
duplex stainless steels had their beginnings in France in 1933 when an alloying mistake was 
made in making 18% Cr- 9% Ni- 2.5% Mo2• The new alloy that contained 20% Cr- 8% Ni-
2.5% Mo had a high volume fraction of ferrite in the austenitic steel. When the alloy was 
studied it was found that it was not susceptible to intergranular attack in corrosive 
environments. A patent was issued in 1935 to the J. Holtzer Company for the original grade 
chemistry and later patents in 1937 and 1940 were issued for grades that optimized the 
corrosion resistance while retaining the ductility of the steel by adding copper and 
molybdenum. During the same time period similar alloys were developed in Sweden and 
the United States. By 1940 there were duplex stainless steel products being sold in France, 
Sweden and the United States. 
In 1950 the USO grade was released, which could be used in applications in the areas of 
food production, oil refining, salt production, paper making, and other industries that needed 
corrosion resistant materials. During this time U 50 was being produced in bars, forgings, 
and castings that could be machined and welded. This versatility of shape, combined with its 
high yield strength of at least 400 MPa, made it a very attractive material for corrosive 
environments. 
In the 1950s duplex alloys were produced in high frequency induction fumaces.3 This 
type of furnace was used so that the chemistry of the melt could be controlled. A partial 
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vacuum could be drawn on the furnace to help limit the amount of oxygen and nitrogen 
contamination from the air. This method produced steels that were brittle and had trouble 
with cracking during processing. The development of argon oxygen decarburization (AOD) 
and vacuum oxygen decarburization (VOD) methods in steel making dramatically improved 
the mechanical properties ofDSS. The improvements in the mechanical properties came 
from being able to control and eliminate the residuals of carbon, nitrogen, oxygen and sulfur. 
These methods also allowed the steel industry to be able to control the major alloying 
elements, which resulted in a more reproducible product, which benefited the DSS users. 
Today there are many different grades of austenitic-ferritic duplex stainless steel. Grades 
have been developed to optimize the properties of the materials for specific applications. A 
summary of the most common DSS and their compositions is shown in Table 1. 
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Table 1. Commercial duplex stainless steel alloys.2'4 
Alloy Chemical Composition (wt"/o) Ferrite Uses 
Trade Standard Fe Cr Ni Mo Mn c Si Other % 
name 
Paralloy A669-79a Bal 21124 4.5/6 2.5/ <l <0.04 <l N=0.110.2 50 Casting 
3FL 3.5 
Paralloy CD4MCU Bal 24/26.5 4.75/7 1.75 <l <0.4 N=0.110.2 50 Casting 
Soverign /2.2 Cu=2.75/3.25 
DPH 5 Nb=0.110.3 
ATLAS Bal 24/26 6/8 4/5 <1.5 <0.03 <l N=0.15/0.24 50 Casting 
958 
453S AISI 329 Bal 26.0 5.0 1.5 0.08 60-70 Wrought 
223 FAL UNS Bal 21123 4.5/6.5 2.5/ 1.0/ <0.03 0.2/1 N=0.08/2.0 50 Wrought 
31803 3.5 2.0 S<0.2 
P<0.2 
Ferralium ASME Bal 24/27 4.516.5 2/4 <2 <0.08 <2 N>O.l 50 Wrought 
225 1883; Cu=l.3/4 
UNS S<0.04 
#S32550 P<0.04 
Ferralium Bal 26/29 619 2/3 2.0 <0.08 2.0 N>0.1 50 Cast 
228 
7Mo AISI 329; Bal 23/28 2.515 0.5 <l <0.08 <0.75 S<0.03 85 Wrought 
ASME P<0.04 
Code 
1520; 
ASTM 
A268-72 
U45 Bal 21/23 516.5 2.5/ <0.03 N<0.2 50 Wrought 
3.5 
U47 AF Nor Bal 24.5/25.5 6.517.5 2.5/ <0.03 N<0.2 50 Wrought 
25CNDU 2.5 
USO 21-8 Bal 20/22 5.5/8.5 2/3 <2.0 <0.03 <1.0 N<0.2 30-50 Wrought 
Cu=0.5 
CD4MCu S<0.03 
P<0.04 
U52 Bal 24.5/25.5 6.517.5 2.5/ <0.03 N<0.2 50 Wrought 
3.5 Cu=0.5 
U45N Bal 21123 4.5/6.5 2.5/ <2.0 <0.03 N<0.2 40-50 Wrought 
3.5 Cu=0.5 
U45M Bal 20/22 7/9 2.2/ <0.06 <1.0 N=0.08/0.1 50 Cast 
2.8 
U46M Bal 23/26 517 1.2/ <0.05 N<0.2 50 Cast 
2.0 
USOM Bal 20/22 5.519 2/3 <0.07 N<0.2 50 Cast 
U52M Bal 24/26 7/9 2.5/ <0.05 N<0.2 50 Cast 
3.5 
U55M Bal 25/27 4.5/6 1.5/ <2.0 <0.05 <1.5 N<0.5 60-65 Cast 
2.5 Cu=2.5/3.5 
FMN Bal 25.0 5.0 2.2 0.7 O.D7 N=0.2 30-60 Cast 
S=0.7 
FMS Bal 19.5 8.7 2.8 0.9 0.06 0.5 Nb=0.8 30-60 Cast 
FMX Bal 23 9.4 3.4 0.9 0.05 0.5 30-60 Cast 
AF22 Bal 21123 4.5/6.5 2.51 <2.0 <0.03 <1.0 55-65 Wrought 
3.5 
Zeron 25 Bal 24.4 5.5 2.5 0.54 0.04 0.57 N=0.12 30 Cast 
Zeron 26 Bal 24 6 2.2 4.5 0.04 0.5 N=0.25 30 Cast 
Zeron Bal 25 7 3.5 N=0.25 Wrought 
1002 
SAF2507 Bal 25 7 4 0.5 0.01 0.25 N=0.25 Wrou~t 
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1.3 Development of Phases in Duplex Stainless Steels and Effects on Mechanical 
Properties 
1.3.1 Austenite and o Ferrite 
In duplex stainless steel the majority of the microstructure is made up of austenite and 
ferrite. Austenite is a face centered cubic phase with a space group ofFm3m that has a 
lattice parameter of3.58 to 3.62A, depending on exact compositions. "Ferrite" is the generic 
term usually used to denote body centered cubic (BCC) iron. This can lead to confusion 
since BCC iron that is formed from the liquid phase is termed "delta (o) ferrite" while the 
solid-state conversion product of austenite decomposition is termed "alpha (a) ferrite". 
Many of the references cited in this thesis incorrectly refer to the BCC iron seen in DSS as 
"alpha". In this document any use of "ferrite" and "alpha ferrite (a)" refers to "delta-
ferrite", which is the BCC phase that forms out of the liquid phase of the iron. Alpha-ferrite 
has a body centered cubic structure with a space group of Im3m and a lattice parameter of 
2.86 to 2.88 A at room temperature. Delta-ferrite has the same space group as alpha, but the 
lattice parameter is slightly larger at 2.92 A at room temperatures. This distinction is 
relatively unimportant since the alloying additions can change the lattice parameter such that 
the phases are indistinguishable. 
Upon solidification of most duplex stainless steels under equilibrium conditions, the 
initial microstructure is all delta-ferrite (Figure 1 and Figure 2). The austenite does not 
form until the material is cooled to the temperature range of 1050 to 1300°C depending on 
the alloy content of the steel. The chromium and nickel content of the steel determine the 
fraction of ferrite and austenite as shown by isoplethal sections (Figure 1). 
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Figure 1. Three Fe-Cr-Ni isoplethal sections at different iron weight percentages.6 
1600 
1500 
1400 
1300 
G 
~ 
"' 1200 :; 
l? 
"' Q. 
E 1100 "' I-
1000 
900 
800 ..,,_:-,,.,,. ..,,,.. ~ .I 
"' : ~---, 
O·o 1 I 
700 
N1% 0 10 15 20 
Cr o/o 30 25 20 15 10 
Figure 2. Fe-Cr-Ni isoplethal section for 70% Fe.3 
7 
The major alloying elements in DSS can be divided into two categories: ferrite stabilizers 
(Cr, Mo, Si, Ti, Nb, V, W, Ta and Al) and austenite stabilizers (Ni, N, Co, Cu, and C). Since 
chromium and nickel are the major elements in the stabilization of ferrite and austenite, 
respectively, they are given an arbitrary value of 1 for comparison purposes. The stabilizing 
effects of all other elements are then given an equivalence value in reference to the effects of 
Cr and Ni. The chromium and nickel equivalents of the other stabilization elements are 
shown in Table 2. 
T bl 2 C dN' . 1 a e ran i eqmva ents or err1te an d bT. 374 austemte sta 1 izmg e ements. ' ' 
Element Schaffter Delon2 Schoener Hull Pryce & Andrews 
a -Stablizers 
Cr 1 1 1 1 1 
Mo 1 1 1 1.21 1 
Si 1.5 1.5 1.5 0.48 3 
Nb 0.5 0.5 1 0.14 Nb-8[(C-.03)+N] 
v 2.27 
w 0.72 
Ti 2.20 Ti-4[(C-.03)+N] 
Ta 0.21 
Al 2.48 
'¥-Stabilizers 
Ni 1 1 1 1 1 
Mn 0.5 0.5 0.5 O.l lMn-0.0086 0.5 
c 30 30 30 24.5 21 
N 26 18.4 11.5 
Co 0.41 
Cu 0.44 
The stabilization equivalents can be used to help predict the austenite and ferrite phase 
percent in the microstructure. Most of the information available in the literature is for 
prediction of weld microstructures, which do not correlate well to casting microstructures 
due to the rapid cooling present during welding. Schoefer has done work in adapting the weld 
prediction models to incorporate casting conditions,7 and these results are shown (Figure 3). 
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Figure 3. Ferrite number versus the ratio of the chromium and nickel equivalents.7 
The nickel and chromium equivalents are calculated using Equation 1 and Equation 2 7• 
Equation 1: Nie=%Ni + 30 x %C + 0.5 x %Mn+ 26(%N-0.02) +2.77 (7) 
Equation 2: Cre=%Cr + 1.5 x %Si + %Mo + %Cu - 4.99 (7) 
Nickel is less effective in the stabilization of the austenite then chromium is for 
stabilizing ferrite, thus, the ferrite content of the microstructure is highly dependent on the 
chromium content of the steel. 
The mechanical properties of duplex stainless steels are much better then austenitic or 
ferritic stainless steels because of the dual phase. The delta-ferrite-to-austenite ratio 
determines the strength of the steel (Table 3). 
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Table 3. Comparison of typical mechanical properties for hot rolled stainless steel alloys.2 
Grades 0.2% Y.S. U.T.S MPa Elongation Hardness 
MP a % (HV5) 
a S4470 500 630 18 210 
'Y S08904-UR B6 280 600 50 250 
a+y S32304-UR 35N 450 650 35 240 
a+y S31803-UR45N 510 730 32 255 
a+y S32750-UR52N+ 650 840 30 270 
1.3.2 Secondary Phases 
1.3.2.1 Sigma (cr) 
Sigma is a Fe-Cr-Mo phase that has a tetragonal lattice structure with a space group of 
P42/mnm and lattice parameters of a=8.79A and c=4.54A8•9. Sigma is a very hard and brittle 
phase that forms between the temperatures of 500 and 900°C from the decomposition of 
austenite and delta-ferrite; however, sigma forms more rapidly from the decomposition of the 
delta-ferrite10. This is due to the differences in diffusion rates of the Cr and Mo through 
ferrite and austenite. The BCC structure of the delta-ferrite is not a close pack structure like 
the FCC austenite. Thus, the diffusion rate of the chromium and molybdenum is greater in 
ferrite than in austenite, making it possible for sigma to form more quickly in delta-ferrite 
upon cooling of the steel. The rate of transformation is discussed in Section 1.4. 
Sigma has detrimental effects on the mechanical properties of the steels. As the volume 
percent of sigma increases the toughness decreases. This effect can be seen in the drop in 
impact energy as aging time and temperature are increased (Figure 4). 
The yield strengths of DSS are unchanged by the precipitation of sigma. The only effect 
seen in the tensile test is a drop in the elongation of the samples being pulled2• The strain 
hardening exponent, n, is also not altered by formation of sigma. The strain hardening 
10 
exponent is determined by the amount of austenite, which is unaffected by the formation of 
sigma. Sigma does not increase the yield strength, but only embrittles the steel. Figure 4 
illustrates the change in toughness as the samples are aged at different temperatures and 
times. As the samples are aged for longer time, sigma begins to form and embrittle the steel. 
Figure 5 shows that the yield strength of the material stays constant and the elongation 
decreases as the percent sigma in the microstructure increases. 
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Figure 4. Drop in impact energy as a function of time at different temperatures (U50). 11 
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Figure 5. Mechanical properties of UR 52N duplex alloy as a function of sigma percent. .2% 
YS is the Yield Strength of the specimens, UTS is the ultimate tensile strength, 
A% is the percent reduction in area of the tensile test specimen, KCV is the 
impact strength, HVS is the hardness in Vickers hardness number.2 
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1.3.2.2 Carbides 
Between the temperatures of 950 and 1100°C M7C3 carbides form5• M23C6 carbides form 
below 950°C. Carbides are most likely to precipitate at the austenite-ferrite grain boundaries 
but will also nucleate at austenite-austenite and ferrite-ferrite grain boundaries. In the past 
carbides had been known to cause embrittlement problems in DSS, but since the steel 
refining process has become better they have not posed as large a problem. 
1.3.2.3 Secondary Austenite (Y2 , and y3) 
Austenite can form at various temperatures and locations in a DSS casting depending on 
the specific composition, cooling rate, and subsequent heat treatment. For example, 
Austenite 2 (y2) starts to precipitate at the ferrite subgrain boundaries during heat treatment at 
a specific temperature to fix the ferrite I austenite ratio. Austenite 3 (y3) forms as a result of 
the nucleation of sigma or M23C6. Both sigma and M23C6 are chromium rich, so as these 
phases nucleate and grow the surrounding region will be depleted in chromium as it diffuses 
out of the ferrite. This results in low chromium regions in the surrounding areas where y3 
formation is possible ( a-H> or M23C6 +y3). 
1.3.2.4 Other Precipitation Phases between 600-950°C 
Chromium nitrides can form in duplex stainless steels that use nitrogen as an alloying 
element. Cr2N forms between the temperatures of 700 and 900°C, usually at the ferrite grain 
boundaries5• The effect of Cr2N on the mechanical properties is difficult to determine since it 
usually occurs along with sigma formation. 
Chi (X) is a molybdenum-rich intermetallic phase that also occurs in the temperature 
range of 700 to 900°C. Chi is a very brittle phase that has similar effects on the mechanical 
12 
properties as sigma. Chi is less of a problem then sigma because it does not form as fast as 
sigma and, thus, has lower volume fraction in the microstructure. 
R precipitates in the temperature range of 550 to 650°C. The composition of R is 31 % 
Fe-25% Cr- 6% Ni- 34% Mo-4% Si5. R, like many of the other intermetallic 
precipitants, also causes a loss of toughness of the steel. 
1.4 Phase Transformations 
Below are time-temperature-transformation diagrams for ten different duplex stainless 
steel alloys. The chemistries of the steels shown in the TTT diagrams below are given in 
13 
Table 4. All of the TTT diagrams, except for UR35N, have the nose of the sigma C curve 
between 850 and 900°C. The time range of the nose is between 1 and 10 minutes, all very 
short times. U-50 is the standard TTT diagram that is being used in the DSS casting industry 
to predict the cooling rate needed to avoid the formation of sigma. 
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Table 4. Chemical compositions given in wt% for alloys in Figures 6-11. All are typical 
chemistries unless a range is specified. *Alloy is a super DSS 
Alloy Fe Cr Ni Mo Mn c Si Other 
U-50 Bal 20/22 5.5/8.5 213 <2.0 <0.03 <1.0 N<0.2 
Cu=0.5 
S<0.03 
P<0.04 
Zeron 100 Bal 25 7 3.5 N=0.25 
UR35N Bal 23 4 0.2 N=0.25 
UR45N Bal 21/23 4.5/6.5 2.5/3.5 <2.0 <0.03 N<0.2 
Cu=0.5 
UR52N* Bal 25 6.5 3 Cu=l.6 
N=0.18 
W=0.3 
UR52N+* Bal 25 6 3.8 N=0.26 
Cu=l.5 
£32760* Bal 25 3.7 N=0.22 
W=0.7 
Cu=0.6 
F32750* Bal 25 3.8 N=0.28 
D32550 Bal 25 3 N=0.18 
G32550* Bal 25 3.7 N=0.25 
Cu=l.5 
SAF 2507* Bal 25 7 4 0.5 0.01 0.25 N=0.25 
Figure 11 Bal 25 7 3.5 N=0.25 
Alloy* 13 
Josefsson, Nilsson and Wilson observed that the nose of the sigma curve changes with 
higher solution temperatures (Figure 10)5. As the solution temperature is increased the sigma 
nose is shifted to lower temperatures and a longer time. The reason for this phenomenon is 
that at the higher solution temperatures there will be a greater volume percent of delta-ferrite, 
which causes the sigma forming elements of Cr and Mo to be more dilute throughout the 
delta-ferrite. The Cr and Mo concentrations are lower which results in longer diffusion times 
needed to form sigma. Their conclusion was that the formation of sigma could be controlled 
through heat-treating. This method does not work in industrial practice because specific heat 
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treatments are required to fix the ferrite/austenite ratio is fixed to obtain the desired 
mechanical properties. 
The UR35N alloy is a special case in that this alloy has a very small amount of 
molybdenum. Molybdenum promotes the precipitation of sigma. Without the high 
concentration of molybdenum, it takes a very long time to precipitate sigma from the ferrite 
(Figure 8). 
Figure 12 is a generic TTT diagram that indicates the position of the nose for the high 
temperature phases (cr, x, Cr2N, 1t-nitrides, R, and M23C6) and low temperature phases2. This 
curve does not account for the interaction of alloying elements or determine the magnitude of 
the shift of the curves. The curve is based on the chemistries of the precipitants that form 
compared to the chemistries of the DSS. 
Most of the included TTT diagrams have been developed for wrought DSS alloys, which 
make them suspect for use in predicting phase transformation for castable alloys. The only 
cast alloy included is Zeron 100, but this is a super duplex stainless steel with more 
chromium and nickel then the standard castable duplex stainless steel alloys studied in this 
research. Significant differences exist between the processing of wrought alloys versus cast 
alloys that may cause a difference in the location of the nose of the sigma phase. During the 
literature search, no TTT diagrams were found for cast duplex stainless steels. 
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Figure 12. Generic TTT diagram that illustrates the direction that the curve will shift as 
alloying element's compositions change2• 
2. Experimental Procedure: 
2.1 Material: 
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The material that was used in this experiment was ACI CD3MN (UNS 192205, ASTM 
890/890M 97 Grade 4A). This is a castable duplex stainless steel alloy. Stainless Foundry 
and Engineering, Inc. of Milwaukee, Wisconsin supplied the material. Two lots of material 
were provided for comparison; their chemistries are given in Table 5. 
Table 5. Specification and metal analysis chemistries supplied by Stainless Steel Foundry 
and Engineering Inc for the CD3MN material. 
Element Low Limit High Limit Lot 114 Lot 116 
Carbon 0.0000 0.0300 0.0270 0.0261 
Silicon 0.0000 1.0000 0.7220 0.6625 
Manganese 0.0000 2.0000 0.7000 0.8115 
Phosphorus 0.0000 0.0400 0.0139 0.0135 
Sulfur 0.0000 0.0200 0.0058 0.0065 
Chromium 21.0000 23.5000 21.9050 22.1040 
Molybdenum 2.5000 3.5000 2.9980 2.9075 
Nickel 4.5000 6.5000 5.3000 5.4350 
Cobalt 0.0000 2.0000 0.0409 0.0306 
Copper 0.0000 1.0000 0.1363 0.1523 
Nitrogen 0.0800 0.3000 0.1688 0.1704 
2.2 Samples: 
The samples were taken from the keel block of a larger casting (Figure 13). The keel 
blocks are extra material that is cast and removed for chemical analysis and mechanical 
testing for the casting. 
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Casting 
Figure 13. General sketch of casting showing the location of the keel blocks. 
The dimensions of the as-received keel block were approximately 1 x 1 x 8 inches (Figure 
14). One inch by one inch by one-quarter inch samples were cut from these castings. A 
l/81h-inch hole was drilled in the top of the sample so that it could be hung from a wire in the 
furnace. 
1 in 
.. 1 in .. 
Figure 14. Sketch of section taken from cast bars. 
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2.3 Heat Treatment: 
The steel had been solution annealed at the foundry prior to being received. This was 
done between l 162°C and l 135°C for one hour per inch of material thickness. The soak 
time was unknown because the samples were part of a larger casting at the time of this heat 
treatment. The sample was then quenched in water. 
For this study the samples were preheated 1100°C in a vertical tube furnace. Seven 
samples were suspended in the furnace at once, and it was noted that the furnace temperature 
would drop approximately 40 degrees Celsius upon the introduction of the samples. The 
furnace was allowed to return to temperature, and once 1100°C was reached the samples 
would soak for 30 minutes. This process was done to ensure that all secondary phases were 
dissolved, that all samples were starting with a similar microstructure, and that we had the 
same austenite/ delta-ferrite ratio (Figure 15). 
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Figure 15. Isotherm of iron, chromium nickel phase diagram at 1000°C 14 
Once the thirty-minute soak time was over, the wires holding the samples in the furnace 
were cut, causing all the samples to fall simultaneously into a salt pot located directly below 
the tube furnace. The salt pot temperature was varied from 600 to 950°C at intervals of 50 
degrees Celsius. The temperature of the salt bath was monitored at all times using a 
thermocouple that was immersed in the salt. Samples were removed at 1, 10, 20, 30, 60, 120 
and 300-minute intervals. A graph of the heat treat schedule is shown in Figure 16. The 
samples were immediately quenched in water upon removal from the salt pot to stop further 
transformations. 
The 900 and 950°C degree samples were not directly dropped into the salt bath, but were 
placed into the salt bath one by one due to an equipment failure. The mean time it took to 
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transfer the samples was five seconds, so there was only a small temperature drop during the 
transfer. 
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Figure 16. Graph illustrating the time and temperature of the sample ' s salt bath treatment. 
2.4 Metallography: 
The samples were sectioned as shown in Figure 17 and mounted using a LECO PR-32 
hot mounting press with Struers phenolic resin. The section was taken from the middle of 
each of the samples. 
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1 in 
Figure 17. Sketch of location the metallography samples were taken from heat-treated 
sample. 
The samples were ground to a rough finish using 220-grit abrasive paper and then 
polished using a 1 µm suspended diamond slurry solution with a Struers Prepmatic-2 sample 
polisher. The samples were electrolytically etched with a KOH and water solution (50 g 
KOH to lOOmL H20) 15 at 5 volts for 8 seconds. The KOH solution etches delta-ferrite a 
light blue color and the sigma phase is a reddish brown color. Murkami's reagent (3 g 
K3Fe(CN)6 IOg KOH, and lOOmL H20) 15 was used to identify the carbides that were present 
in the microstructure. Murkami's reagent was swabbed on the sample for 10 seconds, and it 
tinted the carbides black. Murkami's reagent also etches sigma, but the sample was 
immersed for one minute to reveal the sigma phase. 
The phase percent of sigma was measured using an MSQ image analysis system 
connected to an Olympus PMG3 inverted light microscope. The measurements were taken at 
ten random areas within each sample. A magnification of 200 times was used for the phase 
percent measurements. 
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2.5 Scanning Electron Microscopy and Energy-Dispersive Spectroscopy 
A Hitachi 3500N scanning electron microscope (SEM) was used to photograph the 
microstructures of the samples. The accelerating voltage was set at 20kV. The images were 
taken in a 20 to 30 Pascal atmospheric pressure with a Robinson backscattered-electron 
detector. 
An EDAX DX' system with an EDAX Sapphire detector was used to analyze the 
chemical composition of the phases. The x-ray counts were kept at 2.8 x 103 counts per 
second, and the live time of acquiring was 100 seconds. The quantification of the spectra 
was done with a ZAF standardless quantification. 
3. Results: 
3.1 Phase Identification: 
Three techniques were used to identify the phases present in the microstructure of the 
CD3MN material. These techniques include metallography employing various etches, 
scanning electron microscopy coupled with energy dispersive x-ray analysis (EDS), and 
diffraction analysis using orientation imaging microscopy. 
3.1.1 Metallography 
Initial phase identification was based on previous work where various etchants were used 
to reveal particular phases16• The KOH etch colors the delta-ferrite orange to a light blue 
color. The sigma phase etches a gold-brown color, and the austenite is unetched (Figure 18). 
Small carbides form on the boundary between the austenite and the delta-ferrite, then 
secondary austenite forms at the primary austenite boundary. The sigma phase then forms on 
the secondary austenite and delta-ferrite interface (Figure 19). 
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Figure 18. Micrograph of 800°C-120 min sample with a (gold-brown) forming on the 
outside of the austenite (white) grains in a matrix of delta-ferrite (light orange 
background). The sample was etched with a KOH solution. 
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Primary Austenite 
Figure 19. Micrograph at higher magnification of sample in Figure 18. The phases are 
labeled in the figure. The sample was etched with a KOH solution. 
Murkami' s Reagent attacked the carbides and the sigma phase and left all other phases 
unetched. The carbides etched black and the sigma was colored light blue (Figure 20). The 
austenite grains are outlined with the carbides. 
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Figure 20. Micrograph of 800°C-120 sample showing carbide etched with Murkami' s 
Reagent. 
In Figure 21 the ferrite is in the background and has been etched with KOH leaving the 
dendrites of austenite unetched. The sigma phase is white and is located at the 
ferrite/austenite grain boundaries. The eutectic type structure that is seen in Figure 21 , 
Figure 22, and, Figure 23 is a combination of M23C6 carbides and y3. The carbides have a 
lower atomic number and therefore appear black in the SEM micrographs. In Figure 22 and 
Figure 23, the contrast difference between y3 and b can be seen. The intermediate phase in 
the eutectic-like structure has the same shade of gray as the primary austenite grains, which 
indicates that it is the same phase (Figure 23). 
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Figure 21. SEM micrograph of 800°C-120 samples showing the microstructure ofCD3MN 
etched with KOH. 
Figure 22. SEM micrograph ofmicrostructure in CD3MN etched with Murkami's Reagent. 
The eutectic type structure is made up of carbide and y3. (800°C-120 min. sample) 
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Figure 23. SEM micrograph of eutectic type structure as high magnification. Etched with 
Murkami' s reagent. (800°C-120 min. sample) 
A word of explanation is needed concerning the microstructure of DSS steels. Figures 18 
to 22 clearly show austenite dendrites surrounded by delta-ferrite. This would seem to be at 
odds with what is predicted by the phase diagrams of Figures 1 and 2. For the compositions 
examined, delta-ferrite is the predicted phase that should form initially if equilibrium 
conditions exist. However, it must be remembered that during casting it is quite common for 
undercooling to exist prior to nucleation. Consideration of Figures 1 and 2 show that the 
austenite solidus line has an extremely shallow slope. If one considers an extension of this 
line to predict non-equilibrium behavior only a 20 to 30°C undercooling is necessary to 
achieve a situation where initial solidification will be in the form of austenite, rather than 
ferrite, dendrites (Figure 24). This would explain the appearance of the microstructures as 
identified using the metallography I etch technique. The additional techniques used to 
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identify the structure, namely, EDS and OIM employing a SEM, verify the identification of 
the dendritic structure as austenite, supporting this hypothesis. 
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Figure 24. Exploded view of the 65% Fe isopleth illustrating the formation of austenite 
dendrite due to undercooling during casting. 
3.1.2 Energy Dispersive Spectroscopy (EDS) 
X-ray spectra were obtained from all phases that could be identified, and the composition 
was analyzed using a standardless quantification routine. A number of points were selected at 
random for analysis from all phases; and the results were averaged. The compositions of the 
phases along with representative spectra are shown in Tables 6-8 and summarized in Table 9. 
The energy dispersive spectroscopy results show that ferrite is chromium rich, and the 
austenite has higher concentrations of nickel. Most of the carbides had been pulled or etched 
out of the samples. The carbides that were left in the microstructure were too small to 
acquire accurate EDS data. All of the EDS data were acquired from the 850°C 120 minute 
heat treated specimen because it had large precipitate particles. All of the precipitates 
analyzed matched the chemistry of sigma. 
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There was a slight difference in the chemistries of the primary and secondary austenite. 
The largest difference was that the secondary austenite was 0.5 wt% lower in nickel. This 
slight difference could be attributed to the fact that the concentration of the nickel in the 
matrix of delta-ferrite is lower than the Ni concentration in the liquid from which the primary 
austenite formed. 
Table 6. Table of the primary austenite chemistries (wt%) found with EDS. 
Element Run 1 
Si 
Mo 
Cr 
Fe 
Ni 
c 
Ni 
Fe 
e 
Cr 
0.77 
2.55 
20.80 
69.16 
6.73 
1.00 
Run2 
0.76 
2.44 
20.81 
69.46 
6.53 
Mo Mo 
2.00 
Run3 Run4 Average 
0.82 0.74 0.77 
2.40 2.36 2.44 
21.00 20.91 20.88 
69.07 69.43 69.28 
6.70 6.56 6.63 
Cr 
3.00 4.00 5.00 
Figure 25. EDS Spectra of the austenite phase. 
Standard Deviation 
0.03 
0.08 
0.09 
0.19 
0.10 
e 
Fe 
Ni 
6.00 7.00 8.00 9.00 
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Table 7. Table of the secondary austenite chemistries (wt%) found with EDS. 
Element Run 1 
Si 0.61 
Mo 2.40 
Cr 20.44 
Fe 70.51 
Ni 6.05 
0.90 1.80 
Run2 
0.71 
2.79 
20.75 
69.69 
6.09 
0 
Mo 
Mo 
Run3 
0.58 
2.58 
20.61 
69.72 
6.45 
Run4 Average 
0.61 0.63 
2.74 2.63 
20.63 20.61 
70.03 69.99 
5.97 6.14 
Cr 
2. 70 3.60 4.50 5.40 
Standard Deviation 
0.06 
0.18 
0.13 
0.38 
0.21 
e 
Fe 
Ni 
6.30 7 .20 8.1 0 9.00 
Figure 26. EDS Spectra of the secondary austenite phase. 
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Table 8. Table of the ferrite chemistries (wt%) found with EDS. 
Element Run 1 Run2 Run3 Run4 Average Standard Deviation 
Si 0.90 0.91 0.91 0.92 0.91 0.01 
Mo 3.59 3.66 3.31 3.25 3.45 0.20 
Cr 23.69 23.68 23.76 23 .91 23.76 0.11 
Fe 67.73 67.37 67.78 67.61 67.62 0.18 
Ni 4.16 4.38 4.24 4.31 4.27 0.09 
e 
Cr 
Fe 
0 
Cr Mo 
Mo Ni 
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 
Figure 27. EDS Spectra of the ferrite phase. 
36 
Table 9. Table of the sigma chemistries (wt%) found with EDS. 
Element Run 1 Run2 Run3 Run4 Average Standard Deviation 
Si 1.14 0.94 1.02 1.03 1.03 0.08 
Mo 6.29 6.26 6.24 6.35 6.29 0.05 
Ca 0.63 0.54 0.48 0.60 0.56 0.07 
Cr 25.06 25.28 25.32 25.12 25.20 0.12 
Fe 62.58 62.81 62.64 62.83 62.72 0.12 
Ni 4.31 4.18 4.30 4.07 4.22 0.11 
e 
Ni 
Ca 
Ni 
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 
Figure 28. EDS Spectra of the sigma phase. 
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Table 10. Table of the average chemistries (wt%) of the austenite, delta-ferrite, and sigma 
phase. 
Element Primary Austenite Secondary Austenite 8- Ferrite Sigma 
Si 0.77 0.63 0.91 1.03 
Mo 2.44 2.63 3.45 6.29 
Ca 0.00 0.00 0.00 0.56 
Cr 20.88 20.61 23.76 25.20 
Fe 69.28 69.99 67.62 62.72 
Ni 6.63 6.14 4.27 4.22 
Chemistry Differences between the Sigma, Delta 
Ferrite, and Austenite 
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Figure 29. Bar graph showing the differences in chemistries between austenite, delta-ferrite 
and sigma. 
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The energy dispersive spectroscopy results showed that the sigma phase was rich in 
chromium and molybdenum compared to the austenite and ferrite. The austenite was rich in 
nickel, which is because nickel is an austenite stabilizer. The ferrite contained more 
chromium and molybdenum then the austenite phase, which is to be expected since the 
chromium and molybdenum are ferrite stabilizers (Paragraph 1.3.1). 
The EDS chemistry results were compared to the Electron Probe X-ray Micro Analyzer 
(EPMA) chemistries of Chen and Yang for 2205 wrought duplex stainless steel. 17 The 
chemistry of the 2205 alloy is Fe-22.62Cr- 5.12Ni- 3.24Mo- l.47Mn- 0.38Si- 0.196N- 0.02C, 
which is a very close alloy to the CD3MN used in this experiment. The chemistries of the 
phases match very closely to Chen and Yang's published data (Table 11). The only 
discrepancy is the amount of silicon in the B and y. It seems that the silicon in the 2205 alloy 
had been partitioned to the a phase. The EDS data for this experiment did not show evidence 
of segregation of the silicon to the a phase. 
T bl 11 C a e ompanson o f h c em1stnes o rs· 1grna, A ustemte an d D 1 fl t Ph eta- err1 e as es 17 
Element a a Chen, 8 8 Chen, y yChen, 
Experimental Yang Experimental Yang Experimental Yang 
Fe 62.72 62.7 67.62 66.7 69.28 68.3 
Cr 25.20 25.2 23.76 24.0 20.88 20.9 
Ni 4.22 3.92 4.27 3.68 6.63 6.39 
Mo 6.29 5.90 3.45 4.05 2.44 2.45 
Mn 1.14 1.15 1.44 
Si 1.03 1.13 0.91 0.43 0.77 0.33 
3.1.3 Orientation Imaging Microscopy (OIM) 
As a further check to ensure proper identification of the constituent phases, OIM was 
used to obtain electron-back-scattered patterns from the phases visible in Figure 30. In 
obtaining an OIM image the quality of the pattern depends on the surface preparation of the 
sample. The presence of oxides can seriously degrade the appearance of the image, making 
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an unambiguous determination of the structure difficult to obtain. Suitable patterns could not 
be obtained until the surface of the polished sample was lightly sputtered with argon ions to 
remove oxidation products left by polishing and etching. 
These patterns obtained from the sample heat treated at 850°C 120 minute are shown in 
Figure 31 and Figure 32. The computer routine used to analyze the patterns was able to get 
high confidence solutions for the FCC and BCC structures of the delta-ferrite and austenite 
phases, and these patterns are shown in Figure 31 and Figure 32. Figure 31 shows the 
solution obtained from an austenite dendrite as compared to the pattern from austenite rim 
surrounding the dendrite shown in Figure 33. This pattern again confirms the identification 
of these phases. 
Obtaining OIM patterns with high confidence solutions was not possible from the sigma 
and carbide phases due to their small size. 
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Figure 30. SEM micrograph of region selected for the OIM investigation. 
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Figure 31. OIM patterns from the delta-ferrite phase. The Kikuchi pattern is characteristic of 
a BCC crystal structure. 
Figure 32. OIM patterns from the austenite phase. The Kikuchi pattern is characteristic of a 
FCC crystal structure. 
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Figure 33. OIM patterns from the austenite ring phase. The Kikuchi pattern is characteristic 
of a FCC crystal structure, which matches the austenite dendrites. 
4. Discussion of Results 
4.1 Phase Identification 
The results of the EDS and 0 IM studies confirm the identification of the phases based on 
metallographic etching. The measured compositions of the phases using EDS are within 
0.5% of reported values and vary enough from phase to phase to ensure that no ambiguity 
exists when identifying phases. This is supported by the OIM results where distinct patterns 
were obtained from the austenite, delta-ferrite, and the austenite formed around the primary 
austenite grains. 
In the as-received sample, the microstructure is made up of 40 percent austenite in a 
delta-ferrite matrix. There are no secondary phases present (i.e. cr, y3, 7t-nitride, x). When the 
samples were taken up to 1100°C for the initial soak, M 7C3 formed on the austenite grain 
boundaries. Upon cooling the samples down to the salt bath quench temperatures, the 
ferrite/austenite equilibrium phase percent changed, and more primary austenite formed on 
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the old primary austenite grains. As a result the carbides outline the old primary austenite 
grains and a "beach" of new austenite is seen on the primary austenite grain boundaries 
(Figure 19). This condition is not uniform across all of the samples. Most of the samples 
have the carbides with austenite rings at the cast surface, but not at the core, which suggests 
that this is due to inhomogeneity in the chemistry of the castings. For this reason all of the 
sigma measurements were taken near the core of the samples. As the salt quench soak times 
increase, sigma forms at the delta-ferrite/austenite grain boundaries. 
The eutectic looking phase seen in Figure 22 and Figure 23 is a combination ofM23C6 
carbides and y3. These phases are not seen until the longer salt bath heat treatment times 
(longer then 60 minutes) in the 800 to 900°C temperature range. When the M23C6 carbides 
form, chromium is depleted from the chromium-rich ferrite. Since chromium is a ferrite 
stabilizer, the depletion of the Cr and Mo lead to the formation of austenite. This type of 
austenite is designated y3 because it forms from a different mechanism then primary austenite 
(namely, o~M23C6+y3). The same phenomenon can occur when sigma is formed since it 
also depletes the surrounding ferrite of chromium and molybdenum. 
4.2 Phase Transformation 
Based on the results of the previous section, time-temperature-transformation diagrams 
have been developed for the materials studied. This is done in Figure 34. Two curves are 
shown in Figure 34, one for a volume percent of 0.01 % and one for 0.5% sigma. Shown 
Figure 34 is a plot of how the volume percent of sigma increases with time for the 
temperatures studied. Note that the amount of sigma is still increasing, even at the longest 
times. The rate of increase is particularly sharp at the higher temperatures. Thus, the finish 
time for sigma is extremely long, and sigma phase formation may continue not only all 
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through the cool-down period but also may resume at a fairly rapid rate should the part be put 
into service at a high temperature. 
TTT Diagram CD3MN Duplex Stainless Steel 
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Figure 34. Time-Temperature-Transformation Diagram for the CD3MN. 
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Figure 35. Phase percent sigma versus soak time at temperature. 
Table 12. Phase percent (area%) sigma for soak time at temperature. 
Time (minutes) 600°C 100°c 750°C 800°C 850°C 900°C 950°C 
1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
10 0.00 0.00 0.06 0.00 0.00 0.00 0.00 
20 0.00 0.00 0.07 0.45 0.00 0.00 0.00 
30 0.00 0.03 0.04 0.32 0.00 0.00 0.00 
60 0.00 0.07 0.12 0.51 0.20 0.32 0.00 
120 0.00 0.03 0.21 0.91 0.70 0.64 0.00 
300 0.00 0.08 0.51 1.80 1.20 1.05 0.00 
-+-- 600C 
--- 1ooc 
-+- 750C 
--*- 800C 
--- 850C 
--+- 900C 
~950C 
The nose of the phase diagram developed for initial formation of sigma for CD3MN is at 
750°C and 10 minutes. This does not imply that the mechanical properties have been 
adversely affected at this point. As the phase percent increases to 0.5%, the nose changes 
and is located at 800°C and 30 minutes. The difference in the location of the nose is most 
likely due to the detection methods used in the experiments. The detection of the initial 
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precipitate was done with metallographic techniques, which look only at samples in one 
plane. Observation of initial precipitation of secondary phases can easily be missed in a 
mounted section although the phase may still be present within other locations of the sample 
that were not mounted. The 0.5% measurement is more reliable than the initial precipitation 
TTT diagram because the precipitates are easier to see and the accuracy of the quantification 
of the phase percent is higher. This diagram may be of more practical use to the casting 
industry since very small amounts of sigma do not affect the mechanical properties of the 
casting. 
The closest alloy to the same composition as the material studied in this research is 
UR45N, which has a nose at 800°C and 25 minutes. The temperature and time of the nose for 
the UR45N wrought DSS matches very closely to the nose found in this investigation for the 
CD3MN. The other phase diagrams presented in the background section have a higher 
temperature and shorter times than what was found for the CD3MN. This is most likely due 
to the differences in alloying elements. All of the TTT diagrams for the alloys in Paragraph 
1.4 have higher chromium and molybdenum concentrations except UR45N. As the 
chromium percent increases, the nose of the curve is forced to the left, and as the 
molybdenum increases the nose is shifted to higher temperatures. This is because sigma is 
rich in chromium and molybdenum and the higher percentage in the steel increase the rate of 
precipitation. Despite the differences in processing, there was no appreciable variation in 
appearance of the time temperature transformation diagrams for comparable chemistries of 
wrought and cast duplex stainless steel alloys. 
The detrimental effect of sigma on mechanical properties is generally considered to occur 
once the volume fraction of sigma reaches 5% (Figure 5). Thus, it would be helpful of when 
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if an estimate of when this volume percent is reached could be obtained. Based on the data 
presented in Figure 35, an estimation of the rate of sigma formation can be deduced. A line 
was fit to linear portion of the data for the 800°C samples. The 800°C sample was used since 
it had the fastest sigma formation rate. The resulting equation is shown in Equation 3 where 
y is the phase percent and t is time in seconds. 
Equation 3: y = 9xl0-5t +0.1932 
Using equation 3 the time for the sample to reach a volume fraction of 5% sigma is about 
15 hours (890 minutes). 
In actual industry practice the times and temperatures to which a casting is subjected vary 
considerably. While a typical shake out time after casting may be two hours, the time may 
be considerably longer depending on the size and thickness of the casting. A more 
theoretical approach that would allow one to calculate the rate at which the sigma forms at 
any temperature and time would be desirable, and this is attempted below. The following 
calculations are strictly based upon the growth of preexisting sigma and do not take into 
account the time needed for the nucleation of the sigma. The analysis used is adapted from 
calculations presented in Porter and Easerling's Reference18. 
The basic assumption of this analysis is that since sigma has a higher concentration of 
molybdenum and chrome than the adjacent delta-ferrite and austenite, growth is dependent 
upon the diffusion of these elements. A simple comparison of the diffusion rates of these 
elements in steel is not sufficient since the amount of each element necessary to form 
increased sigma must also be considered. By calculating the rate at which molybdenum and 
chromium diffuse to the sigma interface and the time it takes to reach the desired 
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composition, the element which is controlling the growth of the sigma can be determined. 
One other assumption is made in that the sigma grows into the delta-ferrite as reported in 
. d" 19 previous stu 1es . 
To begin we use a slab to model the growth of the sigma into the ferrite illustrated in 
Figure 36. 
c 
Sigma 
Sigma --+ V Delta-Ferrite 
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Figure 36. Diagram of the concentration gradient at the sigma and delta-ferrite interface. 
Since the sigma has a higher concentration of alloying elements, it depletes the surrounding 
areas of these elements. The elements then diffuse from the matrix to replenish the depleted 
zone. Thus, the diffusion rate of the alloying elements through the matrix must be 
considered. The flux that moves from delta-ferrite to the sigma is given by D(dC/dx)dt. Dis 
the diffusion coefficient for the any element of interest in the delta-ferrite. Also, for the 
growth to advance a distance of dx, a volume of material 1. dx must change from delta-ferrite 
with a concentration of Cd to sigma containing Csigma· In order for that to happen (Csigma -
Cd)d.x moles of the alloying element must be supplied by diffusion through the delta-ferrite. 
These two quantities are then set equal to each other and Equation 4 is the result. 
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Equation 4: dx D dC v=-= •-
dt CSigma - Cd dx 
This expression can be simplified by estimating dC/dx. To do this the erf diffusion function 
is approximated by substituting in a straight-line concentration gradient and doing a mass 
balance of the alloying elements (Figure 37). dC/dx is equal to !iC0/L from Figure 35. The 
mass balance is shown in Equation 5 where L is the length of the gradient and x is the length 
of the sigma. 
c 
Sigma 
L~ 
-------
J t:.C0 
Figure 37. Estimation of dC/dx substituting in a straight-line gradient. The shaded areas 
must have equal amounts of the alloying element based on mass balance. 
Equation 5: (c Sigma - C0 )x = L!iC0 I 2 
Equation 5 can then be solved for L and substituted into Equation 4 and the simplified result 
is Equation 6. 
Equation 6: 
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To further simplify the calculation, we can substitute the mole fractions for the 
concentrations (X=CV m)- Equation 7 is a result of the integration of Equation 6 where 
L'.Ueo=Xo-Xi. 
Equation 7: 
If one makes the assumption that the rate determining factor in the formation of sigma is 
simply the rate at which the necessary elements (ie. Cr and Mo) reach the required 
compositions; we need only calculate the rate of formation using data for the Cr and Mo to 
see which gives the slower result. The alloy concentrations of the phases are given in Table 
13. 
Table 13. Table of the weight percent and mole fraction for the three phases on the heat-
treated DSS 
Element ywt% C>wt% crwt% ymole ()mole cr mole 
(Co) (Csigma) Fraction (Xd) Fraction (Xo) Fraction (Xcr) 
Mo 2.44 3.45 6.29 0.0141 0.0200 0.0366 
Cr 20.88 23.76 25.20 0.2221 0.2526 0.2700 
The diffusion constant (D) for Mo in iron is l.035xlff 11 cm2s·1 and for Cr in iron is 
4.862x10·12cm2s·120• Estimations were made for Cd and, hence Xd, since this was difficult to 
measure experimentally. Both Mo and Cr are ferrite stabilizers, so when the concentration of 
Mo and Cr fall below a certain concentration there is a tendency for austenite to form. For 
this reason the XiMo 0.0141 mole% and for the Xdcr 0.221 mole% was used since this was 
the concentration of the adjacent austenite. 
For a diffusion time of two hours (7200 seconds), equation 7 predicts a growth distance 
of 8.32x10·5 cm using diffusion data for Mo, while a distance of2.02x104 cm is predicted 
when considering Cr diffusion. According to the results of this calculation, Mo diffusion is 
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identified as controlling the growth of sigma. The Mo diffusion data will be used in further 
calculations. 
Distance of Cr and Mo Diffusion 
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Figure 38. Plot of the diffusion distance of chromium and molybdenum through delta-ferrite 
at 800°C. 
Since the growth rate (i.e. velocity of diffusion of Mo) and distance of the sigma growth 
can be can calculated using equations 7, with a few simple assumptions we can calculate the 
volume percentage rate and compare this to the value seen in equation 3. To begin the 
calculation, an initial area of0.00375 cm2 was chosen, because this is the area of a 
micrograph taken at 200x magnification. If the assumption is made that the sigma grows in a 
circle then the area of the sigma is given in Equation 9. A two dimensional approach to the 
calculation was taken since all of the experimental measurements for the phase percent were 
also taken in two dimensions. In metallography is assumed that a percent area is equivalent 
to a percent volume in these types of measurements 
Equation 9: A Sigma = 1t.X 2 
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Where xis the diffusion distance of the Mo atoms. From here a ratio of the two areas 
provides a phase percentage. 
As· Equation 10: Phase%=~ 
Ao 
With the substitution of equation 7 into equation 9, the area becomes time dependent and is 
plotted in 
Figure 39. 
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Figure 39. Plot of Phase percent sigma as a function of time. The slope of 
the line is 2x 10-8 Phase%/s. 
The slope of the curve is 2x 1 o-8 Phase%/s, which is much smaller then the 9x 10-5 
Phase%/s that was show from Figure 35 . If the growth rate of sigma were the driving factor 
in the increase in phase percent sigma found in the microstructure of the steel, then the slopes 
of the curves in Figure 35 and Figure 39 would have similar values. Since these slopes are 
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actually quite different, the sigma phase percent increase is not driven by growth, but must be 
driven by the nucleation of new sigma. 
In general, the nucleation rate depends on the number of nucleation sites and the energy 
driving force of the transformation. While nucleation can occur homogeneously, 
heterogeneous nucleation at dislocations, stacking faults, grain boundaries, interphase 
boundaries and free surfaces is usually preferred. From the observations of this study all of 
the sigma nucleates at the austenite/delta-ferrite phase boundaries. 
When calculating the rate of nucleation the concentration of possible nucleation sites must 
be taken into account. The higher the concentration of the sites the faster nucleation can 
occur. Since the microstructure of DSS alloys is designed to consist of a 50-50 mix of 
austenite and ferrite, the number of possible nucleation sites is expected to be extremely 
high. However, the calculation of the nucleation rate for sigma is difficult since neither the 
nucleation site concentration nor is the driving energy for the nucleation is known, and 
determination of these values is beyond the scope of this study. It is interesting to note that if 
one takes the calculated growth rate from Figure 39, and assumes a typical field of view 
visible in a 200x micrograph, the number of nucleation points growing at the theoretically 
calculated rated that would be necessary to produce the same increase in volume percent 
observed experimentally is 4500 times. The comparison is obtained simply by dividing the 
growth rate of the experimental calculation of the growth rate by the theoretical calculation 
for growth rate. This is a large number of nucleation sites to occur at one time, which 
suggests that the actual diffusion of Mo and Cr is faster then the calculated values. There are 
two ways that the diffusion rate could vary. In the calculation the assumption was made to 
use the mole fraction of Cr and Mo present in the austenite for Xci. If the value of the 
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assumed :xi was lower then the assumed value, the diffusion rate would increase. Even with 
Xct going to 0, which is not likely, it would require 900 nucleation sites of sigma to obtain the 
same Phase%/s value as the experimental prediction. The other, more likely, possibility for 
the discrepancy in the diffusion data could be due to rapid diffusion along austenite/delta-
ferrite grain boundaries. Enhanced diffusion is common along boundaries due to the grain 
boundaries acting as collector plates for the solute atoms18• Another reason why diffusion 
occurs more rapidly at grain boundaries is that the atoms at the boundaries are not close-
packed like the matrix, which allows for more mobility. Slight changes in diffusion constant 
change the growth rate of the sigma significantly. If the overall diffusion rate of the Mo into 
sigma were to increase by 50 times (DM0=5x10-10 cm2/s) then the number of nucleation sites 
would drop to 90, which is a more practical number of nucleation sites. By taking the 
nucleation of new sigma into account, the phase percent sigma can be calculated using the 
diffusion model for sigma growth. 
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5. Conclusions 
• The microstructure initially consists of a mixture of primary austenite and ferrite, the 
exact ratio depending on the hold temperature. 
• For the hold temperature used (1100°C) carbide formation occurs on the austenite/ferrite 
boundary during the hold. Additional austenite forms due to the formation ofM23C6 
carbides. 
• The TTT diagram for CD3MN determined based on the data of this study closely 
matches one reported for UR45N, a wrought alloy with nearly identical composition. It 
does not match TTT diagrams for other compositions (e.g.UR50). This indicates that the 
TTT characteristics of casting and wrought alloys may be comparable for similar 
chemistries. 
• Sigma phase transformation occurs between 700 and 900°C, with the fastest 
transformation occurring at 800°C. 
• Sigma phase formation kinetics is sluggish, even at high temperatures. Moderate cooling 
rates for cast structures should be sufficient to prevent a significant amount of sigma from 
forming during cooling. 
• The growth of sigma is controlled by the rate at which molybdenum can diffuse through 
the matrix. This rate is extremely slow at temperatures below 900°C. 
• The theoretical calculation of the growth rate, taking into account nucleation of new 
precipitants, accurately predicts the phase percent rate of sigma. 
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